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SYSTEMAND METHOD FOR BTWISE 
READOUTHOLOGRAPHIC ROM 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

The present application claims benefit of earlier filed 
provisional applications: U.S. Ser. No. 60/349,146, entitled 
“Backward Compatible Holographic ROM and replication 
with different wavelength then readout,” filed on Jan. 15, 
2002; U.S. Ser. No. 60/371,549, entitled “Backward Com 
patible Holographic ROM and replication with different 
wavelength then readout,' filed on Apr. 9, 2002; and U.S. 
Ser. No. 60/379,367, entitled “Backward Compatible Holo 
graphic ROM and replication with different wavelength then 
readout with temperature based laser diode,” filed on May 9, 
2002, all of which are incorporated herein in their entirety by 
reference. 

BACKGROUND 

1. Field of the Invention 

The present invention relates to the general field of 
holographic Storage Systems and methods. More specifically 
the invention relates to a System and method for a bitwise 
readout of a holographic ROM that may be backward 
compatible to existing or future Storage formatS Such as 
DVD or CD-ROM. 

2. Description of Related Art 
General holographic Storage Systems are discussed in 

“Holographic Memories,” by Demetri Psaltis et al., Scien 
tific American, November 1995, which is hereby incorpo 
rated by reference. Holography is also discussed in the text 
Holographic Data Storage, by H. J. Coufal, D. Psaltis, and 
G. T. Sincerbox, Eds., copyright 2000, Springer-Verlag 
which is hereby incorporated by reference. The basic prin 
ciples of holography involve the recording of an interference 
pattern formed between two beams of light, referred to as an 
object beam and a reference beam. The object beam is 
encoded with data in a two dimensional pattern. The refer 
ence beam is used to form the interference pattern with the 
encoded object beam and is Subsequently used to reconstruct 
the data by illuminating the recorded pattern. 

In Volume holographic Storage, a large number of holo 
grams are Stored in the same Volume region of a holographic 
Storage medium. There are Several method of holographic 
Storage, Such as shift multiplexing, angle multiplexing, 
wavelength multiplexing, correlation multiplexing and 
phase multiplexing. Volume holography uses a thick record 
ing medium, where the thickness dimension is associated 
with Bragg Selectivity in the movement of the holographic 
Storage medium in shift multiplexing or the angle change in 
angle multiplexing. 
A prior art holographic System is described in "Holo 

graphic 3-D Disc using In-line Face-to-Face Recording,” by 
Kimihiro Saito and Hideyoshi Horimai. The system 
described utilizes a photosensitive layer with a reflecting 
unit underneath. A reference beam passes through a first 
region of the media downward and a Second region upwards. 
The direction of the information beam is opposite to that of 
the reference beam. InterSection between the reference beam 
and information beam results in a reflection type hologram. 
Shift multiplexing can be utilized for multiple recording. 

Angle multiplexing is a Volume holography method for 
Storing a plurality of images within a single Storage medium. 
Such angle multiplexing is discussed, for example, in "Holo 
graphic Memories,” by Demetri Psaltis et al., Scientific 
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2 
American, November 1995, and by P. J. van Heerden in, 
“Theory of Optical Information Storage In Solids, Applied 
Optics, Vol. 2, No. 4, page 393 (1963). A typical system 
employing angle multiplexing described in "Holographic 
Data Storage,” pages 343-397, by H. J. Coufal, D. Psaltis, 
and G. T. Sincerbox, Eds., copyright 2000, Springer-Verlag. 
Angle multiplexing generally involves Storage of multiple 
pages of data in the same photorecording medium by 
altering the angle of the reference beam entering the media 
during Storage of each page while maintaining the position 
of the object beam. Each hologram is Stored in the same 
Volume and is differentiated by Bragg Selectivity. Bragg 
Selectivity during angle multiplexing is described in Holo 
graphic Data Storage, pages 30–38, by H. J. Coufal, D. 
Psaltis, and G. T. Sincerbox, Eds., copyright 2000, Springer 
Verlag. Any of the recorded holograms can be viewed by 
illuminating the photorecording medium with a reference 
beam Set at the appropriate angle. 

Wavelength multiplexing is a further method for Storing a 
plurality of images within a single medium, whereby the 
addressing mechanism is the wavelength of incidence of the 
reference beam. Wavelength multiplexing is simpler to 
implement than angle multiplexing, but it is highly depen 
dent on the range over which lasers can be tuned. Wave 
length multiplexing is described in "Holographic Data 
Storage,” pages 7-8 and 25-26, by H. J. Coufal, D. Psaltis, 
and G. T. Sincerbox, Eds., copyright 2000, Springer-Verlag. 
A prior art System geometry in which the encoded object 

beam and the recording reference beam are counterpropa 
gating is described in "Volume Holographic Multiplexing 
Methods”, by G. Barbastathis and D. Psaltis, published in 
Holographic Data Storage, pages 22–59, by H. J. Coufal, D. 
Psaltis, and G. T. Sincerbox, Eds., copyright 2000, Springer 
Verlag, which is expressly incorporated herein by reference. 
This geometry is often preferred in wavelength multiplexed 
Systems because it maximizes the optical wavelength Bragg 
Selectivity. 
Compact discs (CDs) and digital video disks (DVDs) are 

currently popular optical recording formats. Both CD and 
DVD players are readily available at low cost. FIG. 5 
illustrates the basic Setup of a typical read System utilized to 
recall data stored on an optical media such as a CD or DVD. 
The read system 500 includes a laser light source 502, which 
provides a plane wave readout beam 503. The readout beam 
from the laser light source 502 travels through a diffraction 
grating 504, a collimator 508, a beam splitter 506, quarter 
waveplate 510, and objective lens 512. Objective lens 512 
focuses the readout beam onto a reflective layer 514 that is 
the bottom layer of the CD or DVD containing data. Readout 
beam 503 is a spherical beam passing through objective lens 
512. Readout beam 503 is reflected or not reflected depend 
ing on the data, with the reflected readout beam 503 a 
spherical wave off the reflective layer 514. 
The readout beam is then reflected back through objective 

lens 512, quarter wave plate 510, and to the beam splitter 
506. A plane wave is produced after the reflected spherical 
beam retro-reflects through objective lens 512. The readout 
beam is reflected towards lens 516 and is imaged onto the 
plane of an optical detector 520, which is typically a quad 
detector. Laser light Source 510 is generally a low power 
(5-10 mW), relatively inexpensive laser with multiple lon 
gitudinal mode emission. Collimator lens 508 is placed a 
distance away from the laser, on the opposite side of the 
beam splitter 506 from the laser. Readout beam 503 diverges 
rapidly, resulting in the collimator lens 508 illuminated by 
the central core of readout beam 503. In addition to beam 
splitter 506, a beam-turning element may be placed between 
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laser 502 and collimator lens 508 in order to flatten the 
System profile for use in a compact drive. After the readout 
beam 503 passes through collimator lens 508, it is well 
collimated and can be focussed by objective lens 512. The 
reflected readout beam is recollimated by objective lens 512 
and proceeds back through the collimator lens 508, which 
acts as a field lens. The reflected readout beam is deflected 
by the beam splitter and focussed on the detector, which 
Senses the high-frequency data Signal as well as tracking and 
focus error signals. It should be recognized that FIG. 5 is 
illustrative only. Current read Systems or optical pick-up 
Systems typically combine various elements to reduce the 
number of elements and cost of the System. 

Additionally, the current use of holography in commercial 
ROM Systems and Storage media is on the backside (i.e., the 
side opposite the reflective layer) of the CD or DVD. Here 
Single holograms of pictures and words (e.g., names or titles) 
are Sometimes recorded for Security or authenticity reasons. 

Although prior art DVD and CD players are readily 
available, low cost players that can also read holographic 
ROM discs are not available. Furthermore, ROM disc rep 
lication is done by Stamping the information onto the Surface 
of the disk. Thus, there has been a need for improvements in 
the recording (replication of the information efficiently and 
quickly) and readout of holograms. More specifically, there 
has been a need for improved Systems capable of reading 
holograms and other optical media. 

SUMMARY OF THE INVENTION 

According to one example of one aspect of the present 
invention a method is provided for manufacturing a holo 
graphic storage medium. The method includes providing 
one or more data masks with data to be recorded on a 
holographic Storage medium, illuminating the one or more 
data masks onto the holographic Storage medium with a 
plane wave object beam from a laser light Source operating 
at a record wavelength, propagating a reference beam at an 
incident angle to the holographic Storage medium to record 
the one or more data masks on the holographic Storage 
medium, and altering the incident angle of the reference 
beam for each of the one or more data masks, wherein each 
of the one or more data masks recorded on Said holographic 
Storage medium can be read bit by bit using a laser light 
Source operating in a readout range of wavelengths different 
from the record wavelength. 

According to another example of an aspect of the present 
invention a method is provided for manufacturing a holo 
graphic Storage medium including providing one or more 
data masks with data to be recorded on a holographic Storage 
medium, propagating a plane wave object beam and refer 
ence beam from a laser light Source operating at a first range 
of record wavelengths, illuminating the one or more data 
masks onto the holographic Storage medium with the object 
beam, propagating the reference beam at fixed incident angle 
to the holographic Storage media to record the one or more 
data masks on the holographic Storage media, and altering 
the record wavelength of the object beam and reference 
beam for each of the one or more data masks, wherein each 
of the one or more data masks recorded on Said holographic 
Storage medium can be read bit by bit using a laser light 
Source operating in a readout range of angles different from 
the first range of record angles. 

The present invention is better understood upon consid 
eration of the detailed description below in conjunction with 
the accompanying drawings and claims where various other 
examples and aspects of the present invention are described 
in greater detail. 
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4 
DESCRIPTION OF THE DRAWINGS 

The features and advantages of the System and method of 
the present invention will be apparent from the following 
description in which: 

FIG. 1 is a Schematic block diagram of an apparatus 
Suitable for use in fabricating a backward compatible holo 
graphic ROM disc. 

FIG. 1A is a schematic block diagram of a further 
example of an apparatus Suitable for use in fabricating a 
backward compatible holographic ROM disc. 

FIG. 2 is a k-space diagram illustrating an identical 
grating recorded at different wavelengths. 

FIG. 3 is a schematic block diagram of a backward 
compatible holographic ROM disc read head of the present 
invention. 

FIG. 4 is an illustration of an exemplary tunable laser 
diode. 

FIG. 4A is an illustration of the operation of a temperature 
dependent laser diode. 

FIG. 5 is an illustration of a prior art optical read head. 
DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The present invention provides a Solution to the needs 
described above through a System and method for a back 
ward compatible holographic ROM. One aspect of the 
present invention provides a method for replicating holo 
graphic ROM discs with a different record wavelength than 
readout wavelength. Another aspect of the present invention 
presents an optical read head with simplified optics that can 
read holographic ROM discS as well as common optical 
recording mediums Such as compact discs (CDS) or digital 
video disks (DVDs). 

Still other examples of the present invention will become 
apparent to those skilled in the art from the following 
detailed description, wherein is shown and described only 
the examples of the invention by way of illustration of the 
best modes contemplated for carrying out the invention. AS 
will be realized, the invention is capable of modification in 
various obvious aspects, all without departing from the Spirit 
and Scope of the present invention. Accordingly, the draw 
ings and detailed description are to be regarded as illustra 
tive in nature and not restrictive. 

Referring to FIG. 1, a block diagram of a basic configu 
ration utilizing an example of the System for fabricating 
backward compatible holographic ROM Storage media is 
shown. The holographic storage system 100 of the present 
invention may be constructed using discrete optical 
components, Such as lasers, lenses and mirrors. The holo 
graphic storage system 100 includes a laser light source 110. 
The coherent light from the laser light source 110 is split into 
a reference beam 114 and an object beam 112. The reference 
beam 114 and object beam 112 are directed to a holographic 
Storage medium 124 where they interfere to record a holo 
gram. A data mask 122 containing a data pattern is placed in 
proximity to the holographic Storage medium 124 and 
illuminated with the object beam 116 onto the holographic 
Storage medium 124. The data mask 122 may be in contact 
or offset from the storage medium 124. Additionally, the 
object beam 116 could be imaged onto the Storage medium 
124 with lenses or the like. Several data masks may be stored 
within the holographic Storage medium 124 utilizing mul 
tiplexing techniques. 

In addition to angle multiplexing and wavelength multi 
plexing discussed above, confocal multiplexing may also be 
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performed by varying the distance of the data mask 122 or 
the image of the data mask from the Storage medium 124 
between recordings. With filtering on readout the data may 
be confocally detected in manner Similar to that performed 
with confocal microscopes. Further description of confocal 
detection is described in greater detail in U.S. Pat. Nos. 
6,111,828 and 5,202,875, both of which are hereby incor 
porated by reference. Confocal multiplexing techniques may 
be advantageously combined with Volume holographic mul 
tiplexing techniques as described above. One potential 
advantage of holographically implementing multiple layers 
(image planes) is that the layers do not have to physically be 
on the Storage medium. For example, with current multilevel 
CD or near-field or high na Systems, the data layers are on 
or inside the media. By imaging or placing the data mask of 
the data, the layers (masks) can appear to a drive as being 
located outside of the Storage medium, inside the medium, 
or on the medium depending on where the data mask image 
plane lies during recording. Thus, the usual problem of 
compensating for Spherical aberration due to the change in 
the amount of SubStrate that the light travels through may not 
be necessary. 

Following is a description of an exemplary method and 
System for encoding and directing the object beam and 
reference beam, although other Schemes may be used with 
out departing from the intended Scope of the present inven 
tion. Light generated by laser light Source 110 is directed to 
a beam Splitter 112, Such as a polarizing beam splitter cube, 
which splits the light from laser light source 110 into a 
reference beam 114 and an object beam 116. In this example, 
both object beam 116 and reference beam 114 are plane 
waves. Reference beam 114 is reflected by a turning mirror 
118 to a rotatable mirror 120, which directs the reference 
beam in to a holographic Storage media 124 via lenses 132 
and 134 in a counterpropagating direction from the object 
beam 116. 

Plane wave object beam 116 is directed to a data mask 
122, illuminating at least a portion or the data mask 122 onto 
the holographic Storage medium 124. In one example of the 
invention, data mask 122 is the size of Standard 120 cm 
diameter CD or DVD, and plane wave object beam 116 is of 
appropriate size to illuminate the entire data mask 122. 
Object beam 116 and counterpropagating reference beam 
114 interfere within holographic storage medium 124 to 
produce a reflection order hologram. 

Holographic Storage medium 124 is a disc similar in Size 
to a conventional CD or DVD in one example of the 
invention. Alternatively, it can be a card, tape, or any other 
convenient format in which other optical media are fabri 
cated. The holographic Storage medium 124 comprises a first 
protective substrate 136, a photopolymer 138, and a second 
protective substrate 140. The substrates are advantageously 
Selected from glass, Sapphire, polycarbonate, plastic, and 
quartz. Any other material that is transparent to the wave 
length being used in the holographic Storage System, and 
which has adequate mechanical properties for a holographic 
Storage System, may also be used as a Substrate. The 
photopolymer layer may include a photopolymer material 
that is capable of recording the interference pattern. Use of 
photopolymers in holographic Storage Systems are 
discussed, for example, in "Holographic Data Storage,' 
pages 172-208, by H. J. Coufal, D. Psaltis, and G. T. 
Sincerbox, Eds., copyright 2000, Springer-Verlag. Other 
examples of high quality photopolymers that may be used 
are described in U.S. Pat. No. 6,482.551, which is hereby 
incorporated herein in its entirety by reference. It is also 
desirable that the optical quality of the disk by fairly high, 
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6 
e.g., <1 wavelength of power per cm, to achieve good 
image reconstruction and good Bragg Selectively. U.S. Pat. 
No. 5,932,045 describes an exemplary method for fabricat 
ing high quality media and is incorporated herein in its 
entirety by reference. 

Data mask 122 encodes the object beam 116 and is a 
transmissive data mask in one example of the invention, and 
can may include an amplitude mask, phase mask, or any 
combination of an amplitude and phase mask. Data mask 
122 may contain information Similar to that found on a 
conventional digital Video disc, light and dark Spots corre 
sponding to 1S and OS, data tracks, and Servo patterns in the 
data. Amplitude and phase masks are well known to those of 
ordinary skill in the art, for example, amplitude and phase 
masks are discussed in "Holographic Data Storage, pages 
259-269, by H. J. Coufal, D. Psaltis, and G. T. Sincerbox, 
Eds., copyright 2000, Springer-Verlag. 

In this example, Successive data masks are Stored in the 
holographic Storage media utilizing a procedure in which 
each data mask is effectively wavelength multiplexed for 
readout purposes and the readout wavelength is different 
from the record wavelength of laser 110. This allows for 
high Storage capacity; for example, if each holographic 
recording is at typical DVD density and capacity (i.e., 4.7 
GB), 25 recordings will allow for approximately 100 GB to 
be quickly Stored in the Storage media. One method for 
implementing wavelength multiplexing in the prior art 
involves Sweeping the wavelength of laser 110 through 
Successive wavelengths, with each wavelength utilized to 
record a different data mask. An example of the present 
invention utilizes a fixed wavelength laser 110 combined 
with altering the incident angle of the reference beam 114 in 
a manner-Similar to angular multiplexing in order to produce 
wavelength multiplexed data masks Stored in the holo 
graphic Storage media 124 that can be read with a laser 
operating at a different wavelength than the record wave 
length. 

Following recording of data mask 122 as described above, 
data mask 122 is removed and data mask 126 is placed in 
proximity to holographic Storage media 124. The wave 
length of laser 110 remains fixed. A lens 132 and lens 134 
are located between mirror 120 and holographic Storage 
media 124, and mirror 120 is rotatable. Mirror 120 is a 
rotatable beam deflector used in conjunction with imaging 
lens 132 and 134 to scan the angle of the reference beam to 
implement effective wavelength multiplexing. Mirror 120, 
lens 132, lens 134, and the photorecording medium 124 are 
in a 4-F configuration: lens 132 and 134 are separated by the 
Sum of their focal lengths, with two dimensional input and 
output planes located one focal length in front of the lens 
pair at the mirror 120 and one focal length behind the lens 
pair at the photorecording medium 124. As mirror 120 
rotates, the angle of reference beam 114 reflecting from the 
mirror 120 changes, resulting in a change of the angle of 
incidence of the reference beam at the photorecording 
medium 124 while the location remains the same. During the 
recording process, the reference beam is Scanned through a 
different reference angle for each data mask. The present 
invention effectively implements wavelength multiplexing 
with the holographic Storage media 124 in this manner. 

In the prior art, wavelength multiplexed holograms uti 
lizing a SLM required that the readout wavelength match the 
record wavelength for each wavelength. Such holograms 
have a field of view, and if a different readout wavelength 
was utilized, only a portion of the recorded hologram could 
be bragg-matched and thus readout at a different wavelength 
than recording was infeasible. In the present invention, an 
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entire disc may be recorded at a time. The angles are varied 
during recording and a single angle readout beam with 
different wavelengths may be used on readout. During 
readout, readout occurs bit by bit, Similar to that of a 
conventional CD or DVD. During readout, a spherical wave 
readout beam is propagated incident to the holographic 
Storage media. The Spherical wave is Sufficiently bragg 
matched to readout the reflection hologram, and the reflec 
tion hologram is output as a quasi plane wave, Since a quasi 
plane wave was utilized to record the hologram. Readout is 
possible with a different readout wavelength from the record 
wavelength because there is a much Smaller field of View as 
long as the gratings are matched because only one bit is 
being readout at a time. 

In one example of the invention, the wavelength of laser 
110 is in the green range, e.g., approximately 532 nm, and 
the readout wavelength is in the red range, approximately 
630-800 nm corresponding to approximately 630-690 nm 
for a typical CD player and approximately 780 nm for a 
typical DVD player. Thus, a typical red laser found in CD 
and DVD players can be utilized to readout holograms that 
were recorded in green. The use of a green wavelength laser 
110 for recording provides more power and better quality in 
the fabrication process. However, the use of Such high 
quality green wavelength laserS 110 in commercially avail 
able playerS is economically infeasible. Thus, the present 
invention provides for the ability to use a lower cost red laser 
found in CD and DVD players for readout. 

Referring to FIG. 2, a k-Space or k-sphere diagram 
showing an identical grating recorded at different wave 
lengths is shown, illustrating how altering the angle of a 
fixed wavelength reference beam 114 with rotatable mirror 
120 allows for matching of readout wavelengths. See “Holo 
graphic Data Storage,” pages 21-59, by H. J. Coufal, D. 
Psaltis, and G. T. Sincerbox, Eds., copyright 2000, Springer 
Verlag (incorporated by reference) for more details on the 
relationship of angle and wavelength multiplexing and 
k-sphere diagrams. A momentum vector k=2 pi divided by 
the wavelength with a direction. A wave propagating though 
Space must lie on an isotropic media. All indices normal the 
Same-acroSS any direction lie on a sphere, defining a propa 
gating mode with a length and vector. 
A Sphere 202 represents a first wavelength, and a Smaller 

Sphere 204 represents a Second wavelength, where the first 
wavelength is shorter than the Second wavelength. The 
radius of the Sphere is determined by 2Jun/wavelength, where 
n is the refractive index of the recording material. A holo 
graphic Storage media lies in the middle of Sphere 204 and 
sphere 202. Two plane waves travelling in different 
directions, e.g., a signal beam travelling to the left and a 
reference beam travelling to the right, produce a grating 
vector 206 with a given length. Interference produces a 
Sinusoidal intensity variation with a given period, with the 
period determined by the angle of interSection and the 
wavelength of the two plane wave beams. Trading angle 
from wavelength produces gratings with the same period. To 
readout at the Second wavelength, the Second wavelength is 
a longer wavelength (i.e., redder) that makes the momentum 
Sphere Smaller, it is desired to obtain the same length in the 
grating period by recording on the larger sphere (i.e., bluer). 
Physically this is associated with the recorded period, i.e. the 
period between dark and light regions in the holographic 
Storage medium. Rather than having a retro-reflection at the 
first wavelength, if the first wavelength incident beam 210 
and first wavelength reference beam 212 are at an off angle 
d, with both the same side of normal, a grating 208 is 
written that is unslanted with the same length, and therefore 
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8 
the same period, as with the counterpropagating Second 
wavelength grating 206. The relationship between wave 
length and off-angle is well defined. Thus, an entire data 
mask can be recorded at a first wavelength or another 
wavelength and the length matched by choosing the correct 
angle for the difference in wavelength So the data can be read 
out in a Second wavelength. Therefore, when one bit is read 
out, a limited field of View does not require that the readout 
wavelength match the record wavelength. 

In one example of the invention, the first wavelength is in 
the green wavelength range and the Second wavelength is in 
the red wavelength range. This allows for a generally higher 
quality green wavelength laser to be used to replicate 
holographic ROM discS and a conventional, low cost red 
wavelength laser to be used to readout the data recorded with 
the green wavelength laser. Preferably the difference 
between the first and Second wavelengths is less than 
approximately 200 nm. A sphere 202 represents a green 
wavelength, and a Smaller sphere 204 represents a red 
wavelength. A holographic Storage media lies in the middle 
of sphere 204 and sphere 202. Two plane waves travelling in 
different directions, a signal beam travelling to the left and 
a reference beam travelling to the right, produce a grating 
vector 206 with a given length. Interference produces a 
Sinusoidal intensity variation with a given period, with the 
period determined by the angle of interSection and the 
wavelength of the two plane wave beams. Trading angle 
from wavelength produces gratings with the same period. To 
record in green, where green is a longer wavelength that 
makes the momentum space larger, it is desired to obtain the 
Same length in the grating period. Physically this is associ 
ated with the recorded period, i.e. the period between dark 
and light regions in the holographic Storage medium. Rather 
than having a retro-reflection in green, if the green incident 
beam 210 and green reference beam 212 are at an off angle 
phi, with both the same side of normal, a grating 208 can be 
written that is unslanted with the same length, and therefore 
the same period, as with the counterpropagating red grating 
206. Thus, an entire data mask can be recorded in green or 
another color and the length matched by choosing the 
correct angle for the difference in wavelength So the data can 
be read out in red or another wavelength different that the 
recorded wavelength. When one bit is read out, a limited 
field of View does not require that the readout wavelength 
match the record wavelength. 

In a further example, wavelength multiplexing of Succes 
Sive data masks is implemented by altering the wavelength 
of laser 110 through a first range of wavelengths for each 
Successive data mask. A readout laser is utilized operating in 
a different range of wavelengths. The readout laser may be 
a conventional red laser operating between approximately 
630 and 690 nm (e.g., in a CD drive) or approximately 760 
and 800 nm (e.g., in a DVD drive). Referring to FIG. 1A, a 
block diagram of a basic configuration utilizing a further 
example of the System for fabricating a backward compat 
ible holographic ROM device is shown. The holographic 
Storage System includes a laser light Source 150. The coher 
ent light from the laser light source 150 is split into a 
reference beam and an object beam. The reference beam and 
object beam are directed to a holographic Storage medium 
where they interfere to record a hologram. A data mask 162 
containing a data pattern is placed in proximity to the 
holographic Storage media, and illuminated with the object 
beam onto the holographic Storage medium. Several data 
mask patterns may be Stored within the holographic Storage 
medium utilizing multiplexing techniques. 

Light generated by laser light source 150 is directed to a 
beam splitter 152 that splits the light from laser light source 
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150 into a reference beam 154 and an object beam 156. In 
this example, both object beam 156 and reference beam 154 
are plane waves. Reference beam 154 is reflected by a 
turning mirror 158 to a mirror 160, which directs the 
reference beam in to a holographic Storage media 164 at a 
fixed angle 0, 176. One or more lenses may be utilized to 
focus the reference beam 154 onto holographic Storage 
media 164. 

Plane wave object beam 156 is directed to a data mask 
162, illuminating the entire data mask 162 onto the holo 
graphic Storage media 164. Data mask 162 may be the size 
of a standard 120 cm diameter CD or DVD, and plane wave 
object beam 156 of appropriate size to illuminate the entire 
data mask 162. Object beam 156 and counterpropagating 
reference beam 154 interfere within holographic storage 
media 164 to produce a reflection order hologram. Holo 
graphic Storage media 164 is a disc Similar in size to a 
conventional CD or DVD as described in the example 
above. Alternatively, it can be a card, tape, or any other 
convenient format in which other optical media are fabri 
cated. The holographic Storage media 164 comprises a first 
protective substrate 170, a photopolymer 172, and a second 
protective substrate 174. The substrates are advantageously 
Selected from glass, Sapphire, polycarbonate, plastic, and 
quartz. Any other material that is transparent to the wave 
length being used in the holographic Storage System, and 
which has adequate mechanical properties for a holographic 
Storage System, may also be used as a Substrate. The 
photopolymer layer includes a material to Store the holo 
gram. Preferably, both reference beam 154 and signal beam 
156 are incident with the storage media 164 at approxi 
mately equal angles off normal to the media Such that the 
reconstruct at a different wavelength may be performed 
normal to the Storage media Surface. 

Data mask 162 encodes the object beam 162 and is a 
transmissive data mask in an example of the invention, and 
can be an amplitude mask, phase mask, or any combination 
of both. Data mask 162 can contain information similar to 
that found on a conventional digital Video disc, light and 
dark spots corresponding to 1 S and OS, data tracks, and 
Servo patterns in the data. Successive data masks are Stored 
in the holographic Storage media utilizing a procedure in 
which each data mask is effectively wavelength multiplexed 
for readout purposes and the readout wavelength is different 
from the record wavelength of laser 150. One method for 
implementing wavelength multiplexing in the prior art 
involves Sweeping the wavelength of laser 110 through 
Successive wavelengths, with each wavelength utilized to 
record a different data mask. An example of the present 
invention Sweeps the wavelength of laser 150 through a first 
range of wavelengths, combined with directing the reference 
beam 114 at a fixed incident angle to the holographic Storage 
media 164 in order to produce wavelength multiplexed data 
masks Stored in the holographic Storage media 124 that can 
be read with a laser operating at a different range of 
wavelengths than the first range of wavelengths of laser 150. 
Following recording of data mask 162 as described above, 
data mask 162 is removed and data mask 166 is placed in 
proximity to holographic Storage media 164. The wave 
length of laser 150 is tuned to a different wavelength than the 
prior wavelength used to record data mask 162. The incident 
angle 0, 176 of reference beam 154 remains fixed. During 
the recording process, the wavelength of laser 150 is tuned 
to a different wavelength for each data mask. If the recording 
is done at a different wavelength than the readout 
wavelength, the wavelength is fixed and the angles of 
incidence may be changed on readout. For example, incident 
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angle 0, 176 of reference beam 154 is changed per each 
mask Stored. These angle multiplexed holograms may be 
readout as wavelength multiplexed holograms at the readout 
wavelength. This may also be performed vice versa by 
recording wavelength multiplexed holograms in the master 
ing process and using angle multiplexing in the readout 
drive. 

In another exemplary methods, instead of Switching the 
various data maskS 162, 166, etc., a holographic master data 
mask or holographic master could be recorded with either 
wavelength or angle multiplexing methods to Store a set or 
Subset of the various data masks to be Stored. The hologram 
master data mask may be located at a similar position as the 
data maskS 162, 166, etc., and different data masks readout 
out and recorded into the media 164 by changing the angle 
or wavelength incident onto the holographic master data 
mask. This allows for various data masks to be carefully 
aligned to each other in a master data mask and this 
alignment Stored by recording them into the holographic 
master data mask. Then on replication (recording them into 
the media to be used with the drive) there is no need to 
physical move or align various data masks. The data masks 
could be Stored near the image plane and then used typical 
data masks or stored near the Fourier Plane with an addi 
tional large lens used to image the holographic master data 
mask onto the Storage media 164. 

Referring to FIG. 3, a schematic block diagram of a 
backwards compatible holographic ROM disc read head 300 
of the present invention is illustrated. The read head 300 
includes a laser light source 302, diffraction grating 304, 
collimator 308, beam splitter 306, quarter waveplate 310, 
and objective lens 312. The read head may further include 
control electronics 324, a lens 316 with an adjustable focal 
length, a focal length controller for lens 316, lens 318, and 
optical detector 320. 

Laser light source 302 provides a readout beam 303. The 
readout beam from the laser light source 302 travels through 
a diffraction grating 304, a collimator 308, a beam splitter 
306, quarter waveplate 310, and objective lens 312. Objec 
tive lens 312 focuses the readout beam onto a target location 
on the optical Storage medium 314, which may be a holo 
graphic Storage media or other media Such as a DVD or CD, 
on which the desired information was previously stored. For 
DVD's and CD’s, objective lens 312 focuses the readout 
beam onto a reflective layer that is the bottom of the CD or 
DVD containing data. If the optical storage medium 314 is 
a holographic Storage media, objective lens 312 focuses 
readout beam 303 at a point beyond the holographic Storage 
media where a data mask-was located (or image of the data 
mask was located) during a replication process, as described 
above. Laser light Source outputs a plane wave readout beam 
303. Readout beam 303 is a spherical beam after passing 
through objective lens 512. Spherical readout beam 503 is 
reflected by the virtual holographic reflective Surface, pro 
ducing a retro-reflected quasi-plane wave utilized to recover 
the plane wave reference beam used in the replication 
process. The quasi-plane wave retro-reflects through objec 
tive lens 312 producing a Semi-focused beam rather than a 
plane wave, as produced during readout of a CD or DVD. 
Proper imaging of the Semi-focused beam onto a detector 
326 requires the focal length of objective lens 312 or lens 
316 to be adjusted. Diffraction of the reference beam with 
the previously stored hologram reconstructs the previously 
Stored hologram. 
The readout beam with the reconstructed hologram is 

retro-reflected back through objective lens 312, quarter 
wave plate 310, and collimator 308 to the beam splitter 306. 
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By searching for the right focus level for readout the type of 
Storage media may be determined, for example, DVD, CD, 
holographic Storage or the like. Additionally, header infor 
mation may be used to determine the type of media. Format 
information from the header or otherwise may be provided 
to control electronicS 324, which utilizes a focal length 
controller 326 to adjust the focal length of lens 316 depend 
ing on the format information. Control electronics 324 
Synchronizes the focal length controller 326 during readout. 
Control electronics 324 may include a processor and 
memory containing instructions for adjusting focal lengths 
depending on the Storage media type. In one example, 
adaptive lens 316 has a Voltage-controlled focal length, with 
the applied voltage controlled by focal length controller 326. 
Other examples of introducing variable focal length into a 
system includes moving lens 316 out of the beam path for 
CD and DVD storage media and within the beam path for 
readout of holographic media. The readout beam is reflected 
towards lens 316 and lens 318 and is imaged onto the plane 
of an optical detector 320, which is typically a quad detector. 
Optical detector 320 may be of conventional construction, 
for example a conventional photodiode array, quad detector 
or other suitable detector array. Laser light source 310 is 
generally a low power (5-10 mW), relatively inexpensive 
laser with multiple longitudinal mode emission. Readout 
beam 303 diverges rapidly, resulting in the collimator lens 
308 illuminated by the central core of readout beam 303. In 
addition to beam splitter 306, a beam-turning element may 
be placed between laser 302 and collimator lens 308 in order 
to flatten the System profile for use in a compact drive. After 
the readout beam 303 passes through collimator lens 308, it 
is well collimated and can be focussed by objective lens 312. 
The reflected readout beam is recollimated by objective lens 
312 and proceeds back through the collimator lens 308, 
which acts as a field lens. The reflected readout beam is 
deflected by the beam splitter and focussed on the detector 
with adjustable focal length lens 316. The present invention 
detects the format of optical Storage medium 314 utilizing 
the Storage media detector 322 and adjusts the focal length 
of adjustable focal length lens 316 using control electronics 
324 and focal length controller 326. In one example, a 
holographic ROM disc has a header identifying the disc as 
a holographic disc in place of a conventional CD or DVD 
header. Other folding and combining of elements in the 
exemplary System described are possible as is known to 
those skilled in the art and is considered part of the inven 
tion. 

The desired focal length is dependent, at least in part, 
upon objective lens 312, depth of the recorded hologram 
within holographic Storage media 312, recorded data 
density, wavefront of the reference beam used to record the 
holograms, and laser wavelength. The desired change in 
focal length is greater than 10% in one example of the 
invention. For a given objective lens 312 and holographic 
Storage medium 314, an interferometer is placed at the 
location of detector 320 to measure the readout beam 
wave-front and determine the desired focal length adjust 
ment. 

In one example of the invention, laser 302 may include a 
tunable laser device 400 as illustrated in FIG. 4. Tunable 
laser device 400 may include, for example a tunable dis 
tributed Bragg reflector (DBR) laser diode 410 located over 
a Silicon layer 412 and adjacent a waveguide 414 between a 
SiO layer 416 and a second harmonic generation (SHG) 
device 418. The SHG device 418 operates to split the 
wavelength of the light source. For example, 850 nm light 
emitted from the laser diode 400 may be split into an emitted 

15 

25 

35 

40 

45 

50 

55 

60 

65 

12 
blue light of 410 nm. The emitted light may be further tuned 
by changing the voltage applied to the SHG device 418. 
Exemplary SHG blue laser devices are produced by Mat 
Sushita Electric Industrial Co., Ltd., of Japan. 

In one example, the output wavelength of the tunable 
diode laser 400 is dependent on the temperature of the diode. 
A graph of the wavelength as a function of temperature for 
an exemplary laser 400 is illustrated in FIG. 4A. The 
temperature of the diode may be current controlled to effect 
a desired wavelength. FIG. 4A shows an exemplary DVD 
red diode laser output as the temperature is varied. Thus, 
simple control and feedback of laser 301 based on signal 
quality can be used to Servo a low cost laser to different 
wavelengths. 

It should be recognized that various other methods for 
tuning a laser may be used as are known in the art. Further, 
in other exemplary Systems a Series of discrete laser Sources 
may be used to achieve a range of readout wavelengths. The 
relatively low cost and wide spectral ranges available for 
laser diodes makes Several devices a viable design choice. 
For example, 630 nm, 650 nm, 680 nm, and 780 nm devices 
are readily available. In addition, 410-425 nm devices are 
becoming readily available. 

Current optical formats (DVD and CD) commonly have a 
holographic layer on the backside of the disc (other side of 
the metal reflective layer). This holographic layer typically 
includes embossed or recorded holograms that contain 
logos, company and product names, and Visual pictures for 
Security and anti-forgery reasons. The methods and Systems 
above can be combined with standard CD or DVD media to 
perform these same duties. Using the holographic layer of a 
CD or DVD the header and initial servo information may be 
recorded with a Security key or other data. The information 
may be recorded into the holographic layer Such that the 
information is at the right depth to be read by an optical 
pickup when the disc is inserted into a typical CD or DVD 
drive upside down. Thus, the disc could be inserted upside 
down Such that the information in the holographic layer may 
be read to verify the disc as being authentic. Thereafter the 
disc may be taken out and put into the drive with the 
Standard Side up and the data read conventionally. The 
holographic layer could still contain Visual pictures and 
words. The header and initial servo information for the CDS 
and DVDs may be included on the inner rings of informa 
tion. 

The combination of standard optical formats and holo 
graphic Storage described herein would preferably be imple 
mented without any hardware changes to the drive (i.e., no 
additional lenses). In applications where only one or two 
layers would be used for holographic Storage only a Small 
amount of disc area would be used. The change in focus 
between holographic media and CD or DVD media may be 
achieved by having a non-plane wave reference beam. This 
would match approximately what the expected reflection 
from CD or DVD media Surface would be and therefore no 
additional optics would be necessary. Unfortunately, a ref 
erence beam with power or many power elements decreases 
the angular and wavelength Selectivity So that only a few 
layers would be possible. In one example, a black or 
absorbing layer may be disposed between the metal layer 
(CD/DVD layer) and the holographic layer to increase the 
Signal-to-noise ratio for the holographic readout. Holo 
graphic information Stored in a single layer for Security 
purposes could be recorded as described above, at the same 
wavelength as readout. Further, because the information 
may be Stored in a single layer, the information could be 
Stamped or embossed into the holographic layer. 
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Having described the invention in terms of a preferred 
embodiment, it will be recognized by those skilled in the art 
that various types of general-purpose optical hardware may 
be substituted for the configuration described above to 
achieve an equivalent result. For example, the examples 
discussed herein include descriptions of particular optical 
elements. It will be apparent to those skilled in the art that 
modifications and variations of the preferred example are 
possible, and that other optical elements may be used to 
perform equivalent functions, all of which fall within the 
true Spirit and Scope of the invention as measured by the 
following claims. 
What is claimed is: 
1. A method for manufacturing a storage medium com 

prising: 
holographically Storing data in a holographic Storage layer 

of a Storage medium, wherein 
the holographically Stored information is accessible in 

a bitwise fashion, and the Storage medium includes 
an optical Storage layer for Storing information. 

2. The method of claim 1, wherein the optical Storage 
layer includes at least one of CD and DVD storage format. 

3. The method of claim 1, wherein the holographic layer 
is accessible from a first Side of the Storage medium and the 
optical Storage layer is accessible from a Second Side of the 
Storage medium. 

4. The method of claim 1, wherein an absorbing layer is 
disposed between the optical Storage layer and the holo 
graphic layer. 

5. The method of claim 1, wherein the holographic layer 
contains at least one of header information, Servo 
information, or Security information. 

6. The method of claim 1, wherein the holographic layer 
and optical Storage layer are accessible by the same optics. 

7. The method of claim 1, further including storing 
information in the optical layer according to a DVD or CD 
Storage format. 

8. The method of claim 1, wherein the storage medium 
includes an optical disc. 

9. The method of claim 1, wherein the storage medium 
includes a CD. 

10. The method of claim 1, wherein the storage medium 
includes a DVD. 

11. The method of claim 1, wherein the act of holographi 
cally Storing data in the holographic Storage layer includes 
using a light Source that is approximately 532 nanometers. 

12. The method of claim 1, wherein the holographically 
Stored data is accessible with a readout wavelength of 
approximately 630 to 800 nanometers. 
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13. The method of claim 1, wherein the holographically 

Stored data is accessible with a readout wavelength of 
630-690 nanometers. 

14. The method of claim 1, wherein the holographically 
stored data is accessible with a readout wavelength of 760 to 
800 nanometers. 

15. The method of claim 1, wherein the holographically 
Stored data is accessible with a readout wavelength greater 
than a wavelength used to holograhpically Store the data. 

16. The method of claim 1, wherein the holographically 
Stored data is used to authenticate the Storage medium. 

17. The method of claim 1, further including storing an 
image in the holographic Storage layer. 

18. An optical Storage medium, comprising: 
an optical Storage layer having data Stored therein; and 
a holographic Storage layer having data Stored therein, 

wherein the holographically Stored data is accessible in 
a bitwise fashion. 

19. The storage medium of claim 18, wherein the optical 
Storage layer includes data Stored in a CD Storage format. 

20. The storage medium of claim 18, wherein the holo 
graphic Storage layer is included with a CD. 

21. The storage medium of claim 18, wherein the optical 
Storage layer includes data Stored in a DVD Storage format. 

22. The storage medium of claim 18, wherein the holo 
graphic Storage layer is included with a DVD. 

23. The storage medium of claim 18, wherein the holo 
graphic Storage layer includes data that may be read out 
bitwise. 

24. The storage medium of claim 18, wherein the holo 
graphic Storage layer includes header and initial Servo data. 

25. The storage medium of claim 18, wherein the holo 
graphic storage layer includes Security data. 

26. The storage medium of claim 18, wherein the holo 
graphic Storage layer includes authentication data. 

27. The storage medium of claim 18, wherein the holo 
graphic Storage layer includes at least one image. 

28. The storage medium of claim 18, wherein the holo 
graphic layer is accessible from a first major Side of the 
Storage medium and the optical Storage layer is accessible 
from a Second major side of the Storage medium opposite the 
first major Side. 

29. The storage medium of claim 18, further comprising 
an absorbing layer disposed between the optical Storage 
layer and the holographic Storage layer. 

30. The storage medium of claim 18, wherein data stored 
in the holographic Storage layer and in the optical Storage 
layer are accessible by the same optics. 
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